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Abstract
This paper reviewed the comprehensive literature survey on the physical, chemical, and the catalytic properties and applications
of iron oxide nanoparticles. In recent years, iron oxide has made a versatile progress due to its outstanding magnetic property. The
average crystallite size was reported in previous literatures in the range of 10–45 nm using Scherrer’s formula. The powder
morphology was found to deliberate quasi-spherical and predominantly spherical shape. The specific surface area as measured by
N2 adsorption BET isotherm was reported in the range of 17.6–26.21 m2/g. Depending on the synthesis pathway there was, an
inverse or normal spinel structure could be achieved. X-ray diffraction analysis revealed the crystallite size in the range between 8
and 42 nm. Fourier transform infrared spectroscopy reported the changes in functional group, stretching vibrations in the iron
oxide nanoparticles. Scanning electron microscopy analysis showed most of Fe3O4 nanoparticles were in spherical morphology
with the particle size range between 10 and 26 nm. Vibrating sample magnetometer reported the magnetization value for Fe3O4

nanoparticles.
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1 Introduction

Iron was originated as the most common element on Earth’s
outer and inner core which was found as one fourth of the
elements in the Earth’s crust. Iron was the single and most
important metal in human civilization and was refined and
used on the scale of more than a billion tones of year, and
more than 90% of refined metal was iron. Iron ore was widely
distributed and reduced in a blast furnace with the support of
coke and limestone. It was the most abundant transition metal
and showed enormous applications in all fields. Iron has been
formed with its number of oxides, and among them, Fe3O4

was a naturally occurring mineral magnetite which consisted
of many impurities magnetized by lightning the strike. The
permanent magnet has been known to ancient man as lode-
stones and used in navigational compasses for at least

800 years [1]. During the past few decades, the most active
research areas in advanced materials have led to the synthesis
of functional magnetic nanoparticles (MNPs) in nanoscience
and nanotechnology [2, 3]. MNPs have revealed distinctive
magnetic properties, and other specific properties such as elec-
tronic and optical showed a wide range of applications [4]. In
recent studies, the interacting magnetic nanoparticles have
revealed a very wide area in synthesis, characterization, and
applications of novel composites [5, 6]. Size of the nanopar-
ticles was the important parameter to determine the different
properties of the material. The properties of nanosized mate-
rials were different from that of the corresponding bulk mate-
rials, which have been reported [7, 8]. Compared to atomic or
bulkymaterials, nanosizedmaterials have showed better phys-
ical and chemical properties due to their mesoscopic effect,
small object effect, quantum size effect, surface effect, etc.
Iron oxides were found to be familiar compounds and com-
mon in nature and could be readily synthesized in the labora-
tory conditions.

Eight supplementary iron oxides have been identified [9] as
derivatives of iron, and mainly ferrous and ferric iron oxides
existed in seven crystalline phases, such as α-Fe2O3 (hema-
tite), γ-Fe2O3 (maghemite), Fe3O4 (magnetite), and Fe1-xO
(wustite), and β and ε-Fe2O3 phases were found as the less

* I. Prabha
iprabha2007@gmail.com

S. Mangala Devi
sdevi3011@gmail.com

1 Department of Chemistry, Bharathiar University, 641 046,
Coimbatore, India

Journal of Superconductivity and Novel Magnetism (2019) 32:127–144
https://doi.org/10.1007/s10948-018-4929-8

http://crossmark.crossref.org/dialog/?doi=10.1007/s10948-018-4929-8&domain=pdf
http://orcid.org/0000-0002-5433-9371
mailto:iprabha2007@gmail.com


commonly found and the low temperature rhombohedral
structure of magnetite. Among these iron oxides, in addition
to that, hematite (α-Fe2O3), maghemite (γ-Fe2O3), and mag-
netite (Fe3O4) were very promising and popular candidates
due to their polymorphism involving the temperature-
induced phase transition. Hematite was one of the most stable
iron oxides and n-type semiconductor under ambient condi-
tions. Due to this unique property, it was widely used as cat-
alysts in various chemical reactions, pigments and gas sensors
for its low cost and high resistance to corrosion, etc. For the
synthesis of magnetite (Fe3O4) and maghemite (γ-Fe2O3),
hematite was used as a starting material, which has been in-
tensively pursued for the fundamental scientific interests and
technological applications in the last few decades of iron pe-
riod. Hematite was an n-type semiconductor with a band gap
of 2.3 eV, where the conduction band (CB) has consisted of
empty d-orbitals of Fe3+ ions and the valence band (VB) was
composed of occupied 3d crystal field orbitals of Fe3+ with
admixture from the oxygen, 2p non-bonding orbitals. Fe3+

ions have occupied two thirds of the octahedral sites restricted
the ideal hexagonal close-packed O lattice [10, 11]. The struc-
ture of γ-Fe2O3 is found to be cubic, and each unit of
maghemite contains 32 O2− ions as magnetite, 2111

�
3 are

occupied by Fe3+ ions and 21
�
3 were vacancies. Oxygen an-

ions have been arranged to give a cubic closed packing. The
ferric ions were distributed in the tetrahedral sites (eight Fe
ions per unit cell) and octahedral sites (the remaining Fe ions
and vacancies). So the maghemite was considered as a fully
oxidized magnetite and n-type semiconductor with a band gap
of 2.0 eV.

Magnetic iron oxides have served humans for centuries.
The function of iron oxide nanoparticles as different agents

for in vitro diagnostics has been practiced for around half a
century [12, 13]. In recent times, Fe3O4 was seriously inves-
tigated because of their superparamagnetism, high coercivity,
and low Curie temperature [14, 15]. Fe3O4 has a cubic inverse

spinel structure and has Fd3m space group for Fe3O4.
Magnetite was a black ferrimagnetic mineral containing both
Fe2+ and Fe3+ ions. In Fe3O4, oxygen atom has formed a cubic
structure, 1/3 of the intersites were tetrahedrally occupied and
2/3 was occupied in octahedral site. The unit cell of Fe3O4 has

32 O2− ions which were arranged in regular cubic close pack-
ing with the [100] direction. The lattice constant was found to
be a = 0.839. The crystal structure of Fe3O4 consisted of two
different iron sites: tetrahedral sites were occupied by Fe (III)

and octahedral sites were occupied by both Fe (II) and Fe (III).
In general, Fe3O4 crystals were distributed with octahedral
and mixed octahedral/tetrahedral layer along in the (111) di-
rection [16, 17]. Magnetic iron oxide nanoparticles consisted

of two major parts: conserved the magnetic property of mag-
netic iron oxides and preserved some other properties of iron

oxides with the properties of organic molecules. These three
iron oxides have unique biochemical, magnetic, catalytic, and

biomedical applications. Particularly, bioapplications-based
magnetic nanoparticles (NPs) have received much attention
due to their unique advantages over other materials.
Magnetic nanoparticles were cost-effective to generate mag-

netite nanoparticles which showed the physical and chemical
stability, biocompatibility, and environmental safety [18].

There was a higher surface energy for high-index planes. For
the face-centered-cubic, the sequence was arranged to be γ(111)
<γ(100) <γ(110) <γ(220) and generated the distance between
the planes and the central Wulff’s point. For this reason, the
Fe3O4 nanoparticles were surrounded mostly by {111}, and it
has been revealed octahedral morphology. The ratio (R) of
growth rate was determined by the crystal shape in the <100>
direction to <111> direction. In <100> direction, faster growth
has led to octahedral particles, while faster growth along the
<111> direction could generate cubic particles. To get a variety
of morphologies, it is necessary to control the growth rate of
different surfaces of the nuclei, and hence, surfactant, templates,
or other specific conditions are applied [12, 19, 20]. For the
synthesize of monodispersed spherical Fe3O4 nanoparticles, both
oleic acid and oleylamine were used as surfactants. Xie and co-
workers have prepared Fe3O4 nanoparticles by utilizing the
trichloro-s-triazine (TsT) and a linkermolecule. Other routes such
as solvothermal methods were also used to synthesize spherical
Fe3O4 nanoparticles [21, 22].

In this method, right quantities of potassium ferrocene, so-
dium borohydride, sodium hydroxide, polyvinylpyrrolidone,
and alcohol were mixed and heated to 180 °C in an autoclave
by this typical process and have been found that the growth of
the (111) surface was slow down because of the absorption of
hydroxyl group on the (111) facet. There was a change in the
shape of the Fe3O4 from spherical particles to octahedral par-
ticles due to increase in the surfactant concentration [23].
Yang and co-workers have synthesized the monodispersed
Fe3O4 nanocubes which has a controllable particle sizes of
6–30 nm. Fe (acac)3 was used as a precursor, benzyl ether as
a solvent, and 1,2-hexadecanediol, oleic acid (OA), and
oleylamine (OAm) as the surfactants. The carboxylic group
presented in the oleic acid was bound selectively to crystal
surface to control size of nanoparticles. The OAm has been
possessed moderately weak, and exhibited isotropic binding
to the surface affected the morphology of the Fe3O4 nanopar-
ticles. By changing the stabilizers for the fabrication of Fe3O4

nanoparticles, they found the use of sodium oleate led to
nanocubes. Potassium oleate has been generated a mixture
of nanocubes with magnetite nanoparticles of different mor-
phologies [24]. Iron oxide nanomaterial was synthesized by
different methods as microwave-assisted synthesis,
ultrasonication, co-precipitation, chemical reduction, hydro-
thermal method, bio-mediated synthesis [25–28], etc.
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In Fe3O4 nanoparticles, there is a possibility of presence of
impurity phases, like α-Fe2O3 in the synthesized iron nano-
particles. Liang et al. used the hydrothermal method to syn-
thesize Fe3O4 nanoparticles and revealed the reaction time
was increased, α-Fe2O3 impurities have been decreased, and
simultaneously, Fe3O4 phase has been increased slowly.
Alcala et al. prepared Fe3O4 nanoparticles by the mechanical
alloying of iron and hematite. The result showed that contin-
uous milling time was extended more than 3 h and there was
the formation of pure phase of Fe3O4. Hu et al. studied the heat
treatment effects on Fe3O4 nanoparticles at higher temperature
of 650 °C showed that the synthesized particle size was re-
ported to be 48 nm [29, 30].

Iron and iron-based nanoparticles have attracted consider-
able interest in different areas of research when compared to
bulk materials. It showed exclusive properties such as catalyt-
ic, magnetic, antioxidant, anti-microbial, and optical property
and attained several developments in the field of science, en-
gineering, and technology. Expensive instruments, high ener-
gy, toxic reducing agents, maintaining the cell culture, recov-
ery steps, etc. were found to be the list of disadvantages iden-
tified in physical-, chemical-, and microbe-mediated synthe-
ses [31, 32]. The critical value of each particle becomes a
single domain with a large spin, when the size of nanoparticles
becomes smaller, it is called super spin [33]. There were two
types of super spins such as superparamagnetism (SPM)
which was non-interacting or weakly interacting super spins
and strongly interacting spins led to super spin-glass (SSG)
[34]. Figure 1 shows the phase diagram of stable iron oxide.

Iron oxide magnetic nanoparticles (Fe3O4-MNPs) have the
approximate size of 20–30 nm and contained a single magnet-
ic field with a single magnetic moment which exhibited
superparamagnetism [3]. When Fe3O4 nanoparticles (MNPs)
were magnetized in the presence of an external magnet, it was
used to study the large surface area to volume ratios, easy
functionalization, superparamagnetic property, and also used
for various biological applications such as drug delivery,

magnetic resonance imaging (MRI), bio-separation, biomo-
lecular sensors, and magneto-thermal therapy, etc. [35]. It
has cubic inverse spinel structure and there has a formation
of FCC closed packing by oxygen atoms with interstitial tet-
rahedral sites and octahedral sites occupied by Fe cations. In
the octahedral sites, the electrons jump between Fe2+ and Fe3+

ions at room temperature [36]. The particles attracted to an
external magnetic field, but there was no magnetization when
the magnetic field was removed and this was called as
superparamagnetism. Using an external magnet, the
suspended magnetite nanoparticles were removed without ag-
glomeration [37].

The theory of ferrimagnetism was illustrated by Neel using
Fe3O4 as an example. Before Neel’s work, Fe3O4 was classi-
fied as a ferromagnet, and magnetization of 4 μB per formula
unit has been measured. Neel reported that the tetrahedral and
octahedral sub-lattices were anti ferromagnetically aligned in
Fe3O4 and the Fe

3+ cations, and each sub-lattice has canceled
each other. Hence, the magnetic moment aroused wholly from
the moment of the remaining Fe2+ cation [38]. The electronic
structure of Fe3O4 was studied experimentally using photo-
emission process. It was important to highlight the use of Fe2+

and Fe3+ ions and the presence of different cations in Fe3O4.
The true point of charge disproportionation between the dif-
ferent cations was undoubtedly much smaller, and there
aroused a question whether it existed at all. Recent work has
showed the value below TV, the charge disproportionation
should be “frozen in,” and the oxidation states of Fe cations
have varied between 2.4+ and 2.9+. In the room temperature,
all the Feoct cations were crystallographically equivalent and
Mossbauer spectroscopy explained that all Feoct were equiva-
lent, even though this was probably a time average [39, 40].
Magnetite has inverse cubic spinel structure according to
[Fe3+]Td[Fe

2+ Fe3+]OhO4 with a half metallic structure and
exhibited semiconductive properties because of fast jumping
of electrons between Fe2+ and Fe3+ in the octahedral sub-
lattice evidenced by Mossbauer spectroscopy.

The optical absorption of the iron nanoparticles was stud-
ied in the wavelength of 190–900 nm. From the view of scat-
tering theory, the shape of the spectra and wavelength of the
maximum optical extinction depend only on the dielectric
function of the nanoparticles. For spherical particles, a single
peak of destruction spectra appeared and the absorption spec-
tra of colloidal iron nanoparticles were determined. The ob-
servation suggested that the stability of colloidal solution and
size distribution of nanoparticles depend on the nature of liq-
uid. Due to the interaction of liquid molecules and charged
nanoparticles in liquid medium, electrical double layers have
been formed around the surface of the generated nanoparticles
[41]. Furthermore, acetone has high dipole moment that led to
the occurring of adequate electrostatic repulsive force because
of the overlapping of strong electrical double layer due to the
presence of nanoparticles in colloidal solution of acetoneFig. 1 Phase diagram of stable iron oxide
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which was stable without aggregation and precipitation. And,
water agglomeration occurred after 2 h due to oxidation and
compared with acetone, water decreased in polarity [42].
Figure 2 shows the purification process of magnetite ore by
various steps.

Magnetite nanoparticles were synthesized by two-stage con-
tinuous flow stirred reactors by aqueous co-precipitation of Fe
(II) and Fe (III) salts under alkaline conditions and by heating at
70 °C [43, 44]. Iron salt solution of 0.05 mol Fe/L was contin-
uously pumped in the first stage of the reactor (5 L/h for Fe(II)
and 10 L/h for Fe(III)), when there was the addition of NaOH,
the pH was adjusted to 12.0. As a result, there was a formation
of black precipitate indicating the formation of magnetite. The
obtained slurry was kept for 1 h and was washed in cycles of
magnetic separation/re-dispersion in distilled water. Finally, the
sludge was dried at 40 °C to get powder samples of Fe3O4

magnetic nanoparticles [45]. Fe3O4 nanoparticles have attracted
much interest due to their potential applications in different
areas, such as super capacitor electrode materials, adsorption
of heavy metal processes, recyclable catalysts for catalytic ox-
idation of alcohols, magnetic carriers for protein separation, and
wastewater treatment [46, 47].

2 Characterization

Iron oxide (Fe3O4) nanoparticles were characterized by XRD,
BET surface area, SEM, TEM-EDS, TGA/DTA, and VSM

analyses. The specific surface area of Fe3O4 nanoparticles
was characterized by BET analysis. XRD was used to reveal
the crystalline nature and crystallite size of Fe3O4 nanoparti-
cles using Scherrer’s formula. EDS was used for the identifi-
cation of the elements present in the Fe3O4 nanoparticles.
SEM and TEMwere used to characterize the surface morphol-
ogy and particle size distribution of the iron nanoparticles.
VSM was the technique used to determine the magnetization
of the Fe3O4 nanoparticles. TGA/DTA analysis was used to
confirm the thermal stability of the prepared Fe3O4 nanopar-
ticles. Figure 3 shows the flow chart of properties and charac-
terization of Fe3O4 nanoparticles.

2.1 BET Analysis of Fe3O4 Nanoparticles

BET analysis was used to determine the surface area and pore
size distribution at liquid nitrogen temperature. In surface area
analysis, nitrogen was used because of its availability in high
purity and its strong interaction with most of the solids.
Because of the interaction between gaseous and solid phases,
it was usually weak and the surface was cooled using liquid
N2 to obtain detectable amounts of adsorption. Cheera et al.
synthesized the Fe3O4 nanoparticles by ecofriendly method
using extract of Pistum sativum. The prepared Fe3O4 nano-
particles were characterized by BET surface area analysis.
BET was used to study the porous nature and surface area of
the PS-Fe3O4 magnetic nanoparticle materials. There were
loops present in between 0.45 and 0.99 confirmed the sample

Fig. 2 Purification of magnetite
ore
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has mesopores on it. The calculated surface area of the
nanomaterial was found to be ∼ 17.6 m2 g−1 which was higher
than other Fe nanomaterials [48]. Prasad et al. prepared the
Fe3O4 nanoparticles by green synthesis using Ridge gourd as
a starting material. The synthesized RG-Fe3O4 nanoparticles
were characterized by BET surface area analysis. The porous
nature of iron nanoparticles was studied by N2 adsorption-
desorption method, and the surface area was found to be
26.21 m2 g−1. By Barrett, Joyner, and Halenda (BJH) method,
the total pore volume and pore size distribution of Fe3O4

nanoparticles were identified to be about 0.134 cm3/g, and it
was a mesoporous material with pore size ranged from 7 to
25 nm [49].

2.2 XRD Analysis of Fe3O4 Nanoparticles

X-ray diffraction is a very important experimental technique
that has long been used to address all the information and
issues related to the crystal structures of solids, including lat-
tice constants, geometry, identification of unknown materials,
orientation of single crystal, defects, stresses, average grain
size, and strain defects of the Fe3O4 nanoparticles. In XRD,
a collimated beam of X-rays was made incident on a specimen
such as Fe3O4 nanoparticles and was diffracted by the crystal-
line phases according to Bragg’s law. Ting et al. synthesized
the series of Fe3O4 nanoparticles by microemulsion method,
and the prepared Fe3O4 was characterized by using XRD
analysis. Fe3O4 consisted of cubic spinel type with single
phase, and α-Fe2O3 and γ-Fe2O3 phases were not observed.
And, it was compared with the standard pattern of Fe3O4 and
resulted the decrement of particle size. The lattice constant of
Fe3O4 nanoparticles was calculated, and the results showed
that Fe3O4 nanoparticles were consistent with standard inverse
spinel type Fe3O4 [50].

Yang et al. synthesized the superparamagnetic iron nano-
particles by co-precipitation method. The synthesized Fe3O4

nanoparticles diffraction pattern was nearly close to the

crystalline of magnetite. The diffraction peaks were indexed
to (2 2 0), (3 1 1), (4 0 0), (4 2 2), (5 1 1), and (4 4 0) planes,
and the observed details have been matched with the inverse
cubic spinel structure of Fe3O4 nanoparticles [51]. Yan et al.
prepared the Fe3O4 nanoparticles from interior stem wall and
epidermal surface of soya bean sprout. The diffraction peaks
were indexed to (2 2 0), (3 1 1), (4 0 0), (5 1 1), (4 4 0), and (5 3
3) planes. Both thematerials could be indexed with the inverse
cubic spinel structure of Fe3O4 [52].

Aslibeiki et al. synthesized Fe3O4 nanoparticles by thermal
decomposition method and calcinated in N2 atmosphere at
300° (N300) and 350° (N350) as well as air (A300 and
A350). XRD pattern reported that both the samples were pure
single cubic spinel. The sample of N350 that got the sharp
peaks showed that calcination temperature was increased
and particle size was also increased. The average particle sizes
for the Fe3O4 nanoparticles were confirmed to be 8 nm and
12 nm [53]. Superparamagnetic poly (o-Toluidine) (POT)/
Fe3O4 nanoparticles composite revealed the diffraction peaks
indexed to (111), (220), (311) (222), (400), (422), (511), and
(440) planes. It was exhibited a spinel (face-centered cubic)
Fe3O4 and represented the presence of Fe3O4 nanoparticles in
a prepared material [54]. Silva et al. prepared the fucan-coated
and fucan-uncoated magnetites by co-precipitation method,
and XRD results revealed that Fe3O4 consisted of inverse
cubic spinel structure corresponded to (2 2 0), (3 1 1), (4 0
0), (4 2 2), (5 1 1), and (4 4 0) planes and the particle size was
identified to be 10 nm using Scherrer’s formula. The observed
peaks in the same range showed that the coating did not affect
the core magnetite. And the fucan-coated in the peak height
was decreased and the background becomes noisy due to its
amorphous nature [55].

T h e m a g n e t i c F e 3 O 4 , F e 3 O 4@ S i O 2 , a n d
Fe3O4@SiO2@Chol nanoparticles were synthesized by
Zhihong Yan et al., and the XRD analysis showed that nano-
particles were in well accordance with one another and it was
indicated that cholesterol coating did not damaged the

Fig. 3 Flow chart of properties
and characterization of Fe3O4

nanoparticles
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structure of Fe3O4 nanoparticles [56]. Shete et al. synthesized
the CS-OA-Fe3O4 nanoparticles by alkaline precipitation
method, and the XRD results matched very well with standard
iron oxide nanoparticles. The main diffraction peaks were
obtained with the (hkl) values of (220), (311), (400), (422),
and (511) and showed the inverse spinel structure of Fe3O4

nanoparticles with the crystallite sizes of 20 nm and 10 nm for
bare and OA-CS-coated magnetic nanoparticles respectively.
The particle size was decreased when capping with CS-OA,
and it was confirmed by peak broadening decreased in inten-
sity after capping [57]. Emre Cevik et al. synthesized the
Fe3O4-Si (GMA-co-Vfc) nanoparticles, and the material was
characterized by XRD analysis. He observed the (111), (220),
(311), (400), (422), (511), (440), (620), and (533) peaks re-
sembled the core Fe3O4. The broadening of peaks was indi-
cated by small crystal size, and the crystal size was found to be
about 9 ± 2 nm [58]. Ali Ebrahimi Fard et al. synthesized the
Triethylene-glycol modified Fe3O4 nanoparticles by thermal
decomposition method. XRD data showed that the Miller in-
dices were found to be (2 2 0), (3 1 1), (2 2 2), (4 0 0), (4 2 2),
(5 1 1), (4 4 0), and (5 3 3). These patterns resulted the pre-
pared Fe3O4 nanoparticles have cubic spinel structure, and it
did not consisted of nil impurities with extremely high crys-
talline particles. These results were in good unity with the
diffraction patterns of bulk magnetite material [59]. Table 1

shows the iron oxide nanoparticles and their physical
properties.

Ming et al. prepared the magnetic Fe3O4 nanoparticles and
it found near to the core magnetite with face-centered cubic
structure characterized by XRD [68]. Rahmatollah et al. ob-
served the XRD pattern of magnetite bromochromate and
concluded that six diffraction peaks of about (220), (311),
(400), (422), (511), and (440) were in accordance with the
standard magnetite nanoparticles. The intense and sharp peak
revealed that the magnetite nanoparticles were crystalline in
nature and the average size of reflection plane (311) was about
42 nm [69].

2.3 EDS Analysis of Fe3O4 Nanoparticles

Energy-dispersive spectrometer (EDSs) employed the pulse
height analysis which was giving output pulses proportional
in height to the X-ray photon energy used in conjunction with
a pulse height analyzer (in this case a multichannel type). A
solid state detector was used in these spectrometers because of
its better energy resolution. Incident X-ray photons caused
ionization in the detector and produced an electrical charge
amplified by a sensitive preamplifier located close to the de-
tector. Both the detector and pre-amplifier were cooled with
liquid nitrogen to minimize the electronic noise. EDS analysis

Table. 1 Physical properties of iron oxide nanoparticles

S
.no

Synthesized material Average
diameter

Mean particle
size

Morphology Plane Phase

1. EDTA capped
magnetite
nanoparticles

15 nm 10 nm Spherical Plane matches with bare magnetite Cubic spinel [60]

2. Iron oxide nanoparticles 200 nm 12 nm Spherical (220), (311), (222), (400), (422), (511), (440) Cubic spinel [61]

3. Fe3O4 Not
mentioned

26 nm Predominantly
spherical
with
hexagonal
shaped

Plane matches with bare magnetite [62] Not mentioned

4. Fe3O4 MNPs and
β-cyclodextrin
MNPs

8.1 nm and
12 nm

10 and 16 Not mentioned (220), (311), (400), (422), (511), and (440) Cubic spinel [63]

5. Polyacrylic acid coated
Fe3O4

60 nm Not
mentioned

Spherical (222), (311), and (440), Inverse spinel
structure [64]

6. Fe3O4-Si(GMA-co-Vfc) 9 ± 2 nm 11.6 ± 0.4 nm Spherical (111), (220), (311), (400), (422),(511), (440),
(620), and (533) [58, 76]

Not mentioned

7. Fucan-coated magnetite
(Fe3O4) nanoparticles

Not
mentioned

10 nm Quasi-spherical (220), (311), (400), (422), (511), and (440) [55] Not mentioned

8. Surfactant-stabilized
Fe3O4

magnetic nanocarrier

Not
mentioned

10 nm Spherical (220), (311), (400), (422), (511), and (440) Spinel [65]

9. Ag@Fe3O4 140 nm Not
mentioned

Spherical (220), (311), (400), (422), (511), and (440) [66] Not mentioned

10. Chitosan-coated iron
oxide
nanoparticles

Greater than
20 nm

19 nm Not mentioned (220), (311), (400), (422), (511), and (440) Cubic spinel
structure [67]
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was used for the elemental analysis or chemical characteriza-
tion of any material. The Fe3O4 nanoparticles were synthe-
sized by Hongwei et al. using co-precipitation method and
coated with NiS characterized by EDS. It was concluded that
a small amount of Ni and S was equally distributed on the
surface of synthesized Fe3O4 nanoparticles [70].

Lesbayev et al. prepared magnetite nanoparticles by liquid
phase chemical condensation method. The elemental percent-
age composition of O as 25.70% and Fe as 74.30% and no
other peaks related with any impurity have been detected in
the FESEM-EDS. A sharp peak of Fe was observed at
6.7 keV, and two other peaks around 0.8 and 7.3 keV were
found to be observed. A single peak was observed at 0.5 keV
for oxygen atom [71]. Cheera et al. synthesized the Fe3O4

nanoparticles using extract of Pistum sativum and it was an
ecofriendly method. The prepared PS-Fe3O4 nanoparticles
were characterized by EDS for elemental composition analy-
sis. The deep root observed that the elemental iron present in
the Fe3O4 nanoparticles. A high intensity peak was observed
for Fe at 6.2 keV with other peaks of Fe and there were no
other elements observed [48].

2.4 FT-IR Analysis

The energy of most molecular vibrations corresponded to the
infrared region of electromagnetic spectrum. The molecular
vibrations were detected and measured by either in an infrared
spectrum or indirectly Raman spectrum. FT-IR was used to
study the surface groups of the assynthesized magnetic nano-
particles, and the achievement of the bonding result was illus-
trated by the FT-IR spectra. FT-IR was used to identify the
organic, polymer and certain inorganic compounds, and the
molecular components with its structure efficiency. Peng an
et al. prepared the dopamine (DA)-coated Fe3O4 nanoparticles
by ligand exchange of oleic acid (OA) on Fe3O4 nanoparticles
and characterized. In FT-IR analysis, the characteristic band due
to OA-Fe3O4 was observed in the region at 2920 cm−1 and at
2851 cm−1. The stretching frequencies such as 1524 cm−1 and
1409 cm−1 were indicated two carboxylate groups chemisorbed
in Fe3O4 nanoparticles. DA-Fe3O4 showed the absorption band
at 1616 cm−1 due to –NH stretching, benzene C–C stretching at
1485 cm−1, and phenolic –OH at 1264 cm−1. All the peaks
assigned to OA- Fe3O4 disappeared in DA-Fe3O4 which has
been showed the ligand exchange [72].

Fe3O4 magnetic nanoparticles (MNP), tannic acid–modified
Fe3O4 magnetic nanoparticles (TN-MNP), and trypsin-tannic
acid-Fe3O4 magnetic nanoparticles (TTA-MNP) were prepared
by Keziban et al. and characterized by FT-IR studies. The peak
at 1706 cm−1 confirmed the –C=O group. The characterized
band for tannic acid group was confirmed by –O–H or –C–H
stretching frequency observed at 2925 cm−1 and 2860 cm−1.
The broad band was observed at 3600–3100 cm−1 due to the
phenolic –O–H stretching and methylol group present in tannic

acid. The stretching vibration at 1000–1700 cm−1 and 3600–
3100 cm−1 was due to the presence of trypsin enzyme and the
presence of phenolic group in TTA-magnetite nanoparticles.
The range of 3600–3100 cm−1 belonged to the free hydroxyl
group present in tannic acid magnetite nanoparticles which has
not been participated with the trypsin enzyme [73].
Superparamagnetic magnetite nanoparticles were synthesized
by Chengliang et al., and the nanoparticles were characterized
by FT-IR analysis where Fe–O bonds stretching band observed
at the peak at 557 cm−1. Additionally, the N–H stretching vi-
bration and N–H bending vibration have showed two bands at
3445 cm−1 and 1640 cm−1 respectively. The peaks at 634 cm−1

and 582 cm−1 showed the characteristic absorption bands of
maghemite (γ-Fe2O3), and there were Fe–O frequency defor-
mations in the tetrahedral and the octahedral sites. Magnetite
nanoparticles showed an absorption line in the range of about
572–582 cm−1 due to the presence of stretching of Fe–O in the
tetrahedral sites [74].

Ali et al. prepared the iron oxide nanoparticles coated with
carboxyl-functionalized PEG (polyethylene glycol) via dopa-
mine (DPA) linker, and the prepared nanoparticles were char-
acterized by FT-IR. Due to the stretching vibration frequency
of Fe–O bonds in Fe3O4, absorption peak was observed at
567 cm−1. After the process of carboxylation of PEG,
COOH group has replaced all the OH groups present in the
polymeric chain. Then, the polymer was precipitated using
hexane and was dried in an oven to evaluate the PEG diacid.
The peak value of 1725 cm−1 was related with acidic C=O,
indicating the carboxylation of PEG has been done effectively.
The IR spectrum of the coated Fe3O4 nanoparticles has the
peak value of 1560 cm−1 significant to the stretching vibration
of acidic C=O. These results confirmed the acidic group pres-
ent on the coated nanoparticles. In the IR spectrum of PEG
diacid, the broadening was observed due to the presence of
dopamine aromatic ring. Additionally, the C–O–C bond and
asymmetric stretching of CH bond showed the absorption
peaks at 1105 and 2925 cm−1 respectively. Also, the bending
vibrations of CH2 group have been observed at a band of
1427 cm−1. The FT-IR spectrum confirmed the carboxylated
polyethylene glycol (PEG-COOH) was successfully grafted
onto the Fe3O4 nanoparticles surface [75]. Amine-
functionalized Fe3O4@C nanoparticles were synthesized by
solvothermal process, and the stretching vibration of the pri-
mary amine (–NH2) group was observed at 3410 cm

−1 with an
intense and broad absorption band of Fe3O4@C nanoparticles.
The C–N stretching vibration band was at 1365 cm−1 and the
C–Oband observedwas at 1455 and 1610 cm−1 for symmetric
and anti-symmetric stretching vibrations. The –CONH2 and
C–NH2 groups were present in large amount shown by the
results and were covalently bonded to the carbon framework
in the Fe3O4@C nanoparticles. The magnetic nanoparticles
were observed and showed the characteristic absorption peak
at round 580 cm−1 [76].
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2.5 Raman Spectra of Fe3O4 Nanoparticles

Raman spectrum has been used as a supportive tool to differ-
entiate the crystal phases and to identify the molecular vibra-
tions of the Fe3O4 nanoparticles. Cheera et al. synthesized the
Fe3O4 nanoparticles using extract of Pistum sativum, and it
was a poor scatterrer of Raman spectra where the samples of
iron oxide nanoparticles were kept under low laser powers to
undergo phase transformation. The synthesized PS-Fe3O4

nanoparticles have showed the spectrum at 668 cm−1 for
A1g, 538 cm−1 for T2a, 306 cm−1 for Eg, and 139 cm−1 for
T2g for the FCC structure of PS-Fe3O4 nanoparticles [48].
Prasad et al. prepared the Fe3O4 nanoparticles by green syn-
thesis using Ridge gourd as a startingmaterial, and it showed a
peak at 670 cm−1 for A1g is considered as a large peak, and
538 cm−1 for T2a, 303 cm

−1 for Eg, and 138 cm
−1 for T2 were

the peaks observed for FCC structure of RG-Fe magnetite
nanoparticles [49].

2.6 SEM Analysis

SEM is one of the most widely used techniques used for the
characterization of nanomaterials, nanostructures, and the reso-
lution of SEM approaches in a few nanometers. SEM is used to
confirm the crystal shape, surface morphology, dispersed and
agglomerated nanoparticles, surface functionalizations, and ab-
solute particle size. It also provides the chemical composition
information near the surface. Yong et al. synthesized the mag-
netic Fe3O4 nanoparticles via co-precipitation method, and
SEM analysis showed the Fe3O4 nanoparticles have the crys-
talline nature with rod-like structure, when prepared in the pres-
ence of magnetic field. Fe3O4 nanoparticles were prepared in
the absence of magnetic field by co-precipitation method and
showed the spherical structure observed by SEM [77]. Aldahir
et al. prepared the Fe3O4-TMSPT-ATM by magnetite nanopar-
ticles coated with 3- (trimethoxysilyl)-1-propanethiol (TMSPT)
and modified with 2-amino-5-mercapto-1, 3, 4-thiadiazole
(AMT) as a modifier. SEM analysis determined the particle size
for about 114 and 149 nm with homogeneous distribution with
the cubic shape of the Fe3O4 nanoparticles [78].

The iron oxide nanoparticles were synthesized using co-
precipitation method by Keziban et al. The nanoparticles ob-
tained by this method were black in color and magnetic pow-
der in nature. SEM image of iron oxide nanoparticles revealed
the heterogeneous morphology without porosity of tannic acid
(TA)-MNPs and (tannic acid-trypsin) TTA-MNPs which has
the particle size approximately less than 5 μm. The prepared
MNPs, TA-MNPs, and TTA-MNPs were having the sizes less
than 100 nm, and the SEM images were not obtained obvi-
ously in lower size. The alteration of magnetite nanoparticles
produced the changes in the particle size [73]. Covalent im-
mobilization of trypsin to modify magnetite nanoparticles by
solvothermal method and the morphologies of the Fe3O4,

Fe3O4-TA and Fe3O4-TA-TR were characterized. SEM im-
ages showed a characteristic low magnification of the Fe3O4.
It has a cauliflower-like magnetite with agglomerate structures
with the particle size approximately less than 500 nm due to
the magnetic interaction between the particles. After the TA
modification, the size of the agglomerate nanoparticles was
found to be decreased owing to the fact that TA was coated
on nanoparticles by reducing the magnetic interaction that
inhibited the agglomeration. Also, trypsin was binded because
enzyme immobilization made the Fe3O4-TA as a slightly big-
ger material [79].

Fe3O4 nanoparticles were prepared by co-precipitation
method. While using the ultrasound waves, the nanoparticles
were functionalized by three types of PEG, and the morphol-
ogy of these nanoparticles was characterized by SEM. SEM
images of Fe3O4 nanoparticles showed the uniform size of
Fe3O4@Cs-sPEG and Fe3O4@Cs-PEG2 nanoparticles and
spherical in shape. When it was modified with chitosan, there
was spherical morphology with no aggregation found. The
nanoparticles were found to be the average diameter around
45 nm suitable size for the drug delivery systems [80]. The
fiber composite magnetite nanoparticles were synthesized by
liquid phase chemical condensation method. The obtained
nanomaterials were found to be porous in structure, and the
pores were distributed evenly with the diameter of about 5 to
10 μm [71]. Magnetite nanoparticles were prepared by
Aldahir et al. using the microwave-solvothermal method. In
this method, the magnetite nanoparticles were coated with 3-
(trimethoxysilyl)-1-propanethiol (TMSPT) and modified with
2-amino-5-mercapto-1, 3, 4-thiadiazole (AMT). The particle
size was around 25 μm with agglomeration connected to a
high magnetic saturation. The distribution of particles was
identified to be homogeneous with an obvious particle size
between 114 and 149 nm. The magnetic nanomaterial showed
the cubic shape determined by SEM [78].

2.7 TEM Analysis of Fe3O4 Nanoparticles

TEM was used as a tool to determine the grain size, particle
morphology, second-phase particles, size distribution, dislo-
cations, density variations, etc. One of the specific advantages
of TEM showed the high magnification range of functional
materials. Yang et al. reported the pure Fe3O4 was aggregated
due to its nanosize, and poly (GMA-MATAC) grafted to
Fe3O4 nanoparticles showed the change in particle size of
Fe3O4 nanoparticles for about 200–400 nm with well disper-
sion. This fact has been explained by electrostatic repulsion
force and steric hindrance present in the surface of Fe3O4

nanoparticles [51]. Citric acid–coated Fe3O4 nanoparticles
and Fe3O4/Au composite nanoparticles were synthesized by
Yan et al. using co-precipitation method. The TEM results
showed the average particle size of 10 nm for Fe3O4/Au com-
posite nanoparticles, and it was darker than citric acid–
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modified Fe3O4 with the diameter of about 10–30 nm [81]. Jie
Zhu et al. synthesized the Fe3O4 magnetic nanoparticles, and
cyclodextrin (CD) magnetic nanoparticles by electrochemical
method showed the spherical or ellipsoidal shape for Fe3O4

magnetic nanoparticles and for cyclodextrin (CD) magnetic
nanoparticles also. Fe3O4 magnetic nanoparticles have been
dispersed uniformly, and somehow, it has been agglomerated
due to the lack of surfactants. The average size for Fe3O4

nanoparticles and cyclodextrin (CD) magnetic nanoparticles
was confirmed to be 10 nm and 16 nm respectively [82].
Highly water-dispersible surfactant-stabilized magnetic
Fe3O4 nanocarriers (SMNCs) were prepared by Bijaideep
et al. and were found to be 10 nm with roughly spherical in
shape when characterized [65].

Mustafa et al. synthesized the electro-synthesized coated and
uncoated magnetite nanoparticles showing the uncoated nano-
particles were agglomerated with the average size identified to
be 10 nm. EDTA capped magnetite nanoparticle confirmed to
be spherical in shape with the diameter found to be about
15 nm. It showed the less agglomeration due to EDTA capped
with core magnetite nanoparticle for better dispersion [60].
Superparamagnetic magnetite nanoparticles were synthesized
by Chengliang et al., and the Fe3O4 nanoparticles showed ir-
regular shape with the diameter of about 10 nm [74]. Shete et al.
synthesized the CS-OA-Fe3O4 nanoparticles by alkaline precip-
itation and showed the bare Fe3O4 nanoparticles were extreme-
ly agglomerated with the particle size of about 22.87 nm, while
CS-OA-coated nanoparticles were finely dispersed with the
particle size of about 16.574 nm. Bare Fe3O4 nanoparticles
have showed the strong dipole-dipole interaction which led to
the high particle size of the magnetite nanoparticles. After coat-
ing, non-magnetic layer was formed so that the particle size was
decreased for the coated Fe3O4 nanoparticles [57]. Ali Ebrahimi
Fard et al. synthesized the triethylene-glycol modified Fe3O4

nanoparticles by thermal decomposition method. The prepared
nanoparticles revealed the spherical morphology with average
diameter nanoparticles of 11 ± 3 nm and the particle size distri-
bution exposed a narrow distribution for synthesized nanopar-
ticles [59].

2.8 Mossbauer Spectra of Fe3O4 Nanoparticles

Mossbauer technique was helpful to identify the iron state in
the functional materials and widely employed to study the fine
magnetic particles to find information about the electronic,
structural, and magnetic properties of magnetic particles.
Fe3O4 magnetic nanoparticles were coated with oleic acid
(Fe3O4-OA-MN), and polyethylene glycol (Fe3O4-PEG-
MN) was synthesized using co-precipitation method by
Runa et al. Mossbauer spectra of Fe3O4 nanoparticles revealed
in hyperfine splitting, two sextets with doublet peaks of 47
and 43 Tesla for Fe3O4 magnetic nanoparticles was observed.
For Fe3O4-OA-MN, hyperfine splitting has been decreased

when compared with Fe3O4, and isomeric shift was about
0.31 to 0.45 mm s−1. For Fe3O4-OA-MN, the quadrapole
splitting confirmed to be zero and the quadrapole splitting
was found to be 0.20 mm s−1 and the spectra of Fe3O4-OA-
MN and Fe3O4-PEG-MN were comparable [83].

2.9 VSM Analysis of Fe3O4 Nanoparticles

The magnetic moment of the Fe3O4 nanoparticles with high
precision was determined using vibration sample magnetom-
eter. Dopamine (DA)-coated Fe3O4 nanoparticles were syn-
thesized by ligand exchange of oleic acid (OA) on Fe3O4

nanoparticles. Dopamine was found to have high magnetiza-
tion of 72.87 emu/g due to lower weight, and the paramagnet-
ic property was detected for both nanoparticles by remanent
value. DA-Fe3O4 showed the good dispersity confirmed by
introducing the external magnetic field [73].

Using the modifiers such as 3-(trimethoxysilyl) propyl
methacrylate (MPTMS), 3-(triethoxysilyl) propyl methacry-
late (MPTES), and triethoxyvinylsilane (VS), Fe3O4 nanopar-
ticles were synthesized by Ceren et al. using co-precipitation
method. The magnetic properties of Fe3O4 and modified
Fe3O4-MPTMSwere measured by VSM at room temperature.
The saturation magnetization values were identified to be
58.87 emu/g and 58.49 emu/g for Fe3O4 and modified
Fe3O4-MPTMS respectively. There was no coercivity present
in curve showed the superparamagnetic behavior present in
the Fe3O4 nanoparticles. The VSM results of Fe3O4 nanopar-
ticles showed the surface modification which did not changed
the magnetic properties [84].

The magnetic properties of prepared Fe3O4 and Fe3O4 @
SiO2@PPh3@[CrO3F]

− were measured at room temperature.
Fe3O4 nanoparticles had the 53.35 emu/g value for saturation
magnetization, and Fe3O4 @ SiO2@PPh3@[CrO3F]

− was
found to have 41.4 emu/g of saturation magnetization with
superparamagnetic property [85]. A series of Fe3O4 nanoparti-
cles were synthesized using various surfactants by
microemulsion method. The VSM results showed the satura-
tion magnetization (MS) values of nanoparticles were around
equal to the vacancy numbers and any increase in vacancy
number MS value has started to decrease which led to the crys-
tal perfection of Fe3O4 nanoparticles with the influence of MS.
Defect in any crystal led to the decrease in the MS value. The
presence of coercivity and remanence showed the non-
superparamagnetic behavior of reported Fe3O4 nanoparticles
[50]. Citric acid–coated Fe3O4 nanoparticles and Fe3O4/Au
composite particles were synthesized by Yan et al. using co-
precipitation method. The magnetic properties of both the iron
nanomaterials were measured by VSM. At 300 K, there was no
coercivity or remanence showing the superparamagnetic prop-
erties. Citric acid–coated Fe3O4 and Fe3O4/Au composite nano-
particles showed the saturation magnetization value for about
67 and 30.2 emu/g respectively [81]. Figures 4 and 5 show the
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iron oxide nanoparticles and their magnetic property and optical
property.

2.10 TGA/DTA Analysis

TGA/DTA analysis was used to determine the thermal stabil-
ity of fabricated iron nanocomposite. This technique provided
the valuable data about the thermal stability of the prepared
iron oxide nanoparticles, the bonding strength of the coatings
with their surface, and quantitative proof on the structure of
the coating agents. The forceful proof of layer-by-layer assem-
bly process was provided by TGA/DTGA results, assigned to
the Fe3O4-NP, Fe3O4-NS (nanoreserviors), and pure NE (net-
tle extract). At the temperature region from 25 to 150 °C, there
was a weight loss due to water adsorption of Fe3O4

nanoparticles surface and there was a loss of 2.81%. Aweight
loss due to the presence of water molecules bounds with
Fe3O4 nanoparticles surface at the temperature region of about
1.87%. Fe3O4 nanoparticles showed the total mass loss was
found to be 6.45%. The remaining weight loss at the temper-
ature of 600 °C was due to the conversion of phase transition
of Fe3O4 to stable FeO. There were three main weight loss
steps shown by TGA/DTGA plots of nanoparticles. The tem-
perature ranged from 25 to 150 °C, and a weight loss of about
9.22% was due to the loss of water present in the Nettle struc-
ture. In a temperature region of 150–400 °C, there was a
weight loss of 36.8% in the decomposition of oxygen-
containing groups. The DTGA plot of nanoparticles showed
a broad peak consisting of four peaks, and there was intensive
and sharp peak at 250 °C and three less intensive peaks at 195,
320, and 370 °C. At temperature higher than 500 °C, there
was a weight loss due to the decomposition of aromatic rings.
There was a weight loss peak for Fe3O4 nanoreserviors ob-
served at 150–300 °C due to the decomposition of NE show-
ing the well loading of inhibitor into the Fe3O4-NS. There was
another sharp loss peak at 475–525 °C which led to the ther-
mal decomposition of PANI (polyaniline) molecules adsorbed
on the Fe3O4-NP. The above results validated the precipitation
of PANI and NE effectively on the Fe3O4-NP surface [86].

The surface property of magnetic nanoparticles was grafted
by mono-6-deoxy-6-(p-tolylsulfonyl)-cyclodextrin (6-TsO-
CD) and the TGA curves of Fe3O4-MNPs, APTES-MNPs
(γ-Aminopropyltriethoxysilane), and CDMNPs (cyclodex-
trins). At 130 °C, there was a weight loss curve of Fe3O4-
magnetic nanoparticles due to the evaporation of absorbed
water and there was a slight weight gain from 130 to 253 °C
due to the oxidation of Fe3O4 with the total weight loss of
Fe3O4-MNPs of about 4.2%. The weight loss of about
10.5% at wide temperature range of 230–600 °C due to the
role of APTES modified Fe3O4-MNPs with the thermal

Fig. 4 Iron oxide nanoparticles showing magnetic property

Fig. 5 Flow diagram of iron
oxide exhibiting optical property
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decomposition of the 3-aminopropyl groups. Upon heating in
Ar atmosphere, there were twomajor weight loss steps. Below
200 °C, there was a loss of residual water adhering to the
Fe3O4 nanoparticles surface and was adsorbed in the CDs
cavities so the weight loss was quite slow. From 200 to
760 °C, a drastic drop loss occurred owing to the thermal
decomposition of CDs moieties and other organic structure
for the procedure. The better thermal stability of CDs
immobilized magnetic nanoparticles because of its cross-
linked nature [82].

PEG diacid–grafted Fe3O4 nanoparticles were prepared by
co-precipitation method and characterized by thermogravi-
metric analysis. At 100–200 °C, the weight loss of about 5%
owing to desorption of water molecules from the surface due
to the water withdrawal was hold back. There was a weight
loss due to the removal and desorption of immobilized poly-
meric matrix along with dopamine in the time frame of 200–
600 °C. The total weight loss of PEG diacid–grafted Fe3O4

nanoparticle was about 22% [75]. Fe3O4 nanoparticles modi-
fied with gallic acid (MNPs-GA), trypsin immobilization, and
protein assay (MNPs-GA-TR) were synthesized and estimat-
ed by TG analysis. The TG analysis confirmed the weight loss
for magnetic nanoparticles was about 3.57% owing to the loss
of water residue. At the temperature range of 40 °C to 900 °C,
there was a partial break down of the intermolecular bonds
with the successive releasing of volatile fractions led to 5.6%
of weight loss occurred for MNPs-GA. In a wide temperature
range between 40 and 900 °C, the degradation of gallic acid
and trypsin molecules has occurred with the weight loss of
about 8.6% [87]. Figure 6 shows the TGA curve of PEG
diacid–grafted Fe3O4 nanoparticles.

Magnetite Fe3O4 nanoparticle was prepared by Teena et al.
using co-precipitation method and characterized by TGA. The
weight loss of ferric oxide nanoparticles in the temperature
test range on the surface was due to the process of physically
adsorbedwater or chemically attached hydroxyl groups. Other
absorbed species like alkaline counter ions coming from the
ammonium hydroxide solution used for the co-precipitation
method undergone the weight loss beyond 200 °C [88].

3 Applications

3.1 Removal of Toxic Metal Ions from Aqueous
Solutions

Figure 7 shows the application of iron oxide nanoparticles.
Domestic and industrial wastewaters discharged into the en-
vironment contained various toxic metal ions. These metal
ions were not eco-friendly and could not be metabolized by
the environment and have the tendency to accumulate in liv-
ing organisms causing several diseases and disorders. The
toxic metals were not destroyed, but they only have been
diluted or transformed [89]. Lead and cadmium were the most
toxic metals among the various heavy metal ions in the envi-
ronmental surroundings. The allowable limits of lead and cad-
mium in wastewater were confirmed to be 0.015 mg/L and
0.01 mg/L respectively [90]. These heavy toxic metal ions
have created severe health problems to human beings and
animals when the intake was above depicted threshold con-
centrations. When the consume level has been raised, there
was a encephalopathy due to lead, cognitive impairment, be-
havioral disturbances, kidney damage, anemia, toxicity to the
reproductive system, and due to cadmium, nephrotoxic ef-
fects, and bone damage–related problems. Hence, there was
a need for appropriate method to remove toxic metal ions in
the environment [91]. In advanced nanotechnology, magnetic
nanomaterials have been combined with magnetic separation,
and nanotechnology showed the fine recital in the removal of
heavy metal ions from various effluents of the industries [92].
Magnetite (Fe3O4) was a ferromagnetic compound with max-
imummagnetic properties among derivatives of metallic com-
pounds [93] . ID-g-PGMA-MAn compos i t e was

Fig. 6 TGA curve of PEG diacid–grafted Fe3O4 nanoparticles Fig. 7 Application of iron oxide nanoparticle
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functionalized and first cross-linked with modified magnetic
Fe3O4 with amine groups. It was second cross-linked using
propylenediamine to enhance the resistance of adsorbent
against acid, alkali, and chemicals. The ability of this nano-
composite was studied for removing the Pb (II) and Cd (II)
and phenol pollutants from water and wastewater at different
conditions. The effect of metal ion concentration on the ad-
sorption process by the magnetic nanocomposite was studied
at different concentrations such as 1–40 mg/L. It was reported
that the metal ion concentration has increased the removal
percentage of metal ions up to 10 mg/L for Pb (II) and Cd
(II) ions. When the concentration of metal ions was increased,
there was a fall in the removal percentage and could be owed
to the saturation of the functional groups in adsorption sites of
the adsorbent with the Pb (II) and Cd (II) ions at higher con-
centrations. There was a need to determine the ions’ adsorp-
tion process by magnetic adsorbent or not for the Langmuir
type adsorption process. From this process, RL value was
calculated and favored the adsorption of heavy metal ions,
i.e., Pb (II) and Cd (II). After the removal of toxic metal, a
useful metal chelated nanocomposite was obtained. It was a
square planar complex which adsorbed the phenoxide ions
[94]. Figure 8 illustrates the removal of toxic metal ions and
phenol by metal chelated nanocomposite.

3.2 Degradation of Methylene Blue

The most important interest of researchers from chemistry,
industry, medicine, physics, biology, and material science to-
wards nanotechnology was to promote the synthesis methods
to be easier and cleaner. At present, iron oxide nanoparticles
were highly inspiring in research point of view and were con-
sidering the dependence of the magnetic properties such as
shape, size, composition, surface, and interaction [95]. The
green synthesis of iron oxide nanoparticles exhibited the fer-
romagnetic nature and one of the properties such as catalytic
performance of RG-Fe magnetic nanoparticles was studied by
UV-vis spectroscopy. The reduction of methylene blue by
sodium borohydride in aqueous medium reacted very slowly

without the presence of any catalyst. When the reduction re-
action was carried out very rapidly in the presence of RG-
FeMNPs as a catalyst using Ridge gourd, the UV-visible spec-
trum was used to fix on the catalytic reduction of the methy-
lene blue molecular structure before and after the removal
process of toxic metal ions.

The characteristic absorption band was observed at 650 nm
for methylene blue used to study the efficiency of adsorption
on RG-FeM nanoparticles. After 30 min, RG-FeM nanoparti-
cles in the presence of NaBH4 have removed the ~ 96% of the
whole methylene blue from the solution better than without
the usage of catalyst, and it removed only 13% of methylene
blue from the effluent solution. A peak at 650 nm gave the fact
that it disappeared within 30 min after adding the RG-FeM
nanoparticles as a catalyst. This was due to the presence of
double bond cleavage in methylene blue. The observation
revealed that comparing with NaBH4 spectrum, the intensity
of methylene blue was decreased slowly [49]. Figure 9 reveals
the adsorptive property of various types of iron oxides based
on its synthesis.

3.3 Polymer-Grafted Magnetic Nanoparticles
for Lipase Immobilization

Nowadays, superparamagnetic iron oxide nanoparticles have
proved great potential applications in many biological fields
like bioseparation, tumor hyperthermia, magnetic resonance
imaging (MRI), diagnostic contrast agents, magnetically guid-
ed site-specific drug delivery agents, and biomolecules immo-
bilization. The purpose for biomolecules immobilization
based on the solid-phase magnetic feature has the ability to
achieve a fast and easy separation and to recover the reaction
medium in an external magnetic field [13, 96]. The most at-
tractive method in recent days was polymers grafting of mag-
netic nanoparticles used to analyze the polymer chains that
offered flexibility and diversity to control the chemical com-
position and functional groups on the surface of nanoparticles
[97]. Graft polymerization of glycidyl methacrylate (GMA)
and methacryloxyethyl trimethyl ammonium chloride
(MATAC) onto the surface of modified Fe3O4 nanoparticles
led to functionalized superparamagnetic particles, and the pre-
pared nanoparticles were used to immobilize the lipase. The
surface of vinyl triethoxy silane (VTES) modified-Fe3O4

nanoparticles was grafted by GMA and MATAC and induced
the large amount of positive electrical charges and reactive
epoxy groups on the surface. VTES modified-Fe3O4 nanopar-
ticles have immobilized the lipase, and the activity recovery
was assayed by hydrolysis of olive oil, and the maximum
activity recovery was up to 70.4% [98]. The nanoparticle
was added to definite pH containing the lipase solution. The
lipase molecule was first adsorbed and immobilized onto the
nanoparticles and the reaction between epoxy groups of the
particles and the amino groups. For free lipase and

Fig. 8 Removal of toxic metal ions and phenol by metal chelated
nanocomposite
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immobilized lipase, thermal stability was determined under
some conditions using olive oil. When the temperature was
above 40 °C, the immobilized lipase was not inactivated.
Also, the temperature was increased, and the activity of free
enzyme was decreased. The immobilized lipases at a higher
reaction temperature showed the catalytic activities and called
as reusability in applications. After a catalysis run, the
immobilized lipase was washed with phosphate buffer
(0.1 M, pH 7.0) and reintroduced into a fresh olive oil solution
for another hydrolysis at 37 °C. It was experimented that the
immobilized lipase has still retained its 70% of activity for
after five reuses [51].

3.4 Detection of Zn2+ in Soil Samples

For heavy transition metal (HTM) ions and their detec-
tions, particular concentration has been focused. Exposure
to HTM through different pathways led to the accumula-
tion in human body caused severe illness [99]. In partic-
ular, zinc is an essential element and it plays an important
role in biological processes (e.g., protein synthesis, neuro
transmission, and signal transduction) [100]. The accumu-
lation of zinc in the human body led to the fatal organ
failure, copper deficiency, stomach cramps, skin irrita-
tions, vomiting, nausea, and anemia [101]. Thus, the de-
tection and removal of Zn2+ in contaminated samples
were of major interest. Fluorescent sensors were reported
as a powerful tool for detecting the metal ions in water
and biological samples. The fluorescent sensors for Zn2+

have large attention, due to the biological importance of
Zn2+ ions. Mostly, the sensors were exhibited a poor

selectivity for Zn2+ ions than the other metal ions. There
was difficulty in differentiating Cd2+ and Zn2+ ions, due
to their similar binding properties. Generally, fluorescent
molecules were linked to Zn2+ chelators such as
dipicolylamine (DPA), bipyridine, and cyclic polyamines.
[102, 103]. Dopamine-naphthalimide-dipicolylamine was
immobilized onto the surface of iron oxide nanoparticle to
prepare a hybrid nanomagnet 1- Fe3O4 which has the
ability to detect Zn2+ in soil. The soil was treated with
zinc nitrate and incubated for 30 days for the testing of
Zn2+. Then, the incubated soil was treated with concen-
trated nitric acid and extracted. The quantitative analysis
of Zn2+ was tested by the extract from the contaminated
soil and evaluated by fluorescence change of 1-Fe3O4.
The concentration of Zn2+ was found to be 6.3 μM. The
value was nearly comparable to the obtained value from
ICP-MS (5.9 μM). Thus, 1-Fe3O4 showed the potential
for the qualitative and quantitate detection of Zn2+ present
in contaminated soil. Nanomagnet 1-Fe3O4 was used for
the selective detection and removal of Zn2+ from a soil
sample and utilized as a capable medium for detecting the
Zn2+ in various environmental samples [104].

3.5 Removal of Heavy Metal Ions

Magnetite (Fe3O4)-mesoporous silica (mSiO2) core-shell
nanoparticles were effective and attractive heavy metal
ion adsorbents. The results of copper ion adsorption indi-
cated the removal percentage of samples having different
pore sizes such as S1-S3 after 50 min was found to be
98.6%, 96.6%, and 89.4%. The removal capacity of S1-S3

Fig. 9 Adsorptive property of
iron oxides
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was about 84.4, 80.5, and 72.7 mgg−1 respectively. All
reported studies analyzed the removal of heavy metals
using magnetic nanoadsorbents, and the removal capacity
was superior to the other materials [105, 106]. Amino-
functionalized ferrimagnetic Fe3O4-mSiO2 nanoparticles
having higher Ms and susceptibil i ty values than
superparamagnetic nanoadsorbents have the tendency to
capture larger amounts of heavy metal ions in a shorter
time. The larger specific surface area and pore size of
Fe3O4-mSiO2 nanoparticles were found to be major con-
tributions of removal of heavy metal ions [107]. The re-
usability of the nanoparticles has been established in the
view of their valuable use. By measuring the removal
efficiency of copper ions after acid treatment, the reusabil-
ity of Fe3O4-mSiO2 nanoparticles was evaluated.
Considering sample S1 as a delegate example, the primary
removal efficiency was found to be 98.7%, and after acid
treatment, the value was decreased to 85%. Finally, it was
decreased to 77.2% which confirmed the reusability of
Fe3O4-mSiO2 nanoparticles. The decrease in efficiency
was due to the strong interaction between the amine
groups, and the chelating Cu2+ ions have not been
desorbed enough. The amine groups present in the parti-
cles weakly bonded to the SiO2 surface could be weak to
the acid treatment. It showed the removal of cadmium and
zinc ions using S1-S3 [108]. The removal efficiency of
three metal ions was given in the following order such
as Cu2+ > Cd2+ > Zn2+. In general, the −SH group was
used to adsorb metal ions such as Hg2+, Ag2+, and Pb2+,
through Lewis acid-base interactions, and –COO– groups
were used to support the adsorption of ions such as Cu2+,
Pb2+, and Cd2+ by weak metal-carboxylate interactions.
On the other hand, −NH2 groups were well known to bind
selectively to Cu2+, Co2+, Ni2+, Pb2+, Cr2+, and Cd2+ due
to their strong metal complexing capability. Hence, S1 has
showed high removal efficiency for Cu2+, Cd2+, and Zn2+

[92, 109]. Figure 10 shows the reusability of Fe3O4-
mSiO2 nanoparticles.

3.6 Removal of Dyes by Ultrasound Assisted
Adsorption

Dyes are the pollutants having the resistant against physical,
chemical, and biological treatment processes, and accordingly,
their presence in water caused some difficultly and hazardous
which root for the researchers to safe treatment of such pol-
lutants [110, 111]. Disulfine blue (DSB) extensively used in
wool, silk, carbon paper, cosmetics, and leather activities
caused several side effects to eye and skin sensitivity [112].
This inhalation led to the effects of digestion and respiratory
tract irritation. Rhodamine 123(R123) was a fluorescent laser
dye with high solubility in water which functioned as a tracer
in water pollution and aerial pesticide spraying studies and
colorant (coloring agent) in drugs, cosmetics, textiles, food
stuffs, and inks. When it was swallowed by human and ani-
mals, it causes irritation to the skin, eyes, and respiratory tract
[113]. Au-Fe3O4 nanoparticles-loaded on activated charcoal
(AuFe3O4-NPs-AC) was synthesized and used in water treat-
ment to remove the rhodamine123 (R123) and disulfine blue
(DSB) dyes by ultrasound-assisted adsorption. The response
surface methodology (RSM) surfaces of DSB and R123 were
represented the dye removal percentage versus significant var-
iables. When R123 concentration was raised, DSB removal
percentage was decreased automatically. This was due to the
increase in ratio of dye molecule to offer surface area for
adsorption. It denoted the removal percentage and gradual
increased by rising the pH. At low pH, the major event was
the protonation of the AC functional groups and most likely,
Fe3O4 was the adsorbent surfaces that got positive charge.
There was a decrease in the DSB removal percentage due to
the strong repulsive forces between the cationic dye molecules
and adsorbent similar to that of R123. When increase in the
initial pH led to deprotonation of the AC, adsorption sites and
the OH and COOH corresponded to AC and adsorbed the
DSB molecule through electrostatic interaction and/or hydro-
gen bonding.When there was higher initial dye concentration,
the removal percentage of DSB dye was decreased. This was
due to the increase in ratio of dye molecule to offer surface
area for adsorption. There was a plot between the removal
percentage changes versus the adsorbent dosage; dye removal
percentage has been increased with increase in adsorbent led
to the positive increase of mass. Considerable reduction in
removal percentage at minor amount of Au-Fe3O4-nanoparti-
cles-AC was attributed to higher ratio of dyes to the vacant
sites of the adsorbent. The interaction of pH and R123 con-
centration with sonication time, R123 removal percentage sig-
nificantly has the positive relation with sonication time. The
rapid shift of dyes to the adsorbent surface admitted the fast
equilibrium and confirmed the suitability and efficiency of
ultrasound power as powerful tool for wastewater treatment.
It has high available surface area and vacant site of adsorbent,
enhancing the interface and driving force because of the rapidFig. 10 Reusability of Fe3O4-mSiO2 nanoparticles
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initial adsorption rate. Langmuir isotherm explained the for-
mation of monolayer of adsorbate on the outer surface of the
Au-Fe3O4-NPs-AC. The dyes R123 and DSB on Au-Fe3O4-
NPs-AC could be well desorbed by 10 mL of acetonitrile
solution. The adsorbent was recovered, and the reusability of
AuFe3O4-NPs-AC was tested and examined for four
adsorption-desorption cycles. There was no significant loss
in the adsorption efficiency observed and the adsorption effi-
ciency of the sixth cycle was reduced by 8.26% compared to
that of the first cycle. The desorption capacities were exces-
sive with desorption efficiency of more than 92%. It was con-
cluded that the adsorbent was recycled for both dye adsorp-
tions [114].

3.7 Catalytic Activity

2-amino-4H-chromenes was synthesized by condensation of
aldehydes with malononitrile and resorcinol under ultrasound
irradiation method. Figure 11 predicts the mechanism for syn-
thesis of 2-amino-4H-chromenes. Using Fe3O4-chitosan
nanoparticles as the heterogeneous catalysts, the reaction
was carried out in a short period of time with the higher yield.
The Fe3O4 acted as a Lewis acid and the electrophilic charac-
ter of the aldehyde was increased by the free hydroxyl groups
present on the surface of chitosan and could activate the car-
bonyl group of aldehyde. The nucleophilic property of the
malononitrile was activated by the lone pairs of amino group
present on the surface of chitosan. The intermediate 2-
ethylidene malononitrile may be formed due to Knoevenagel
condensation. In this reaction, the intermediate 2-((2,4-dihy-
droxy phenyl) (phenyl) (methyl)) malononitrile could occur
due to Michael addition. An intramolecular cyclization was
taken place in the intermediate 2-((2,4-dihydroxy
phenyl)(phenyl)(methyl)) malononitrile to give cyclized prod-
uct and the final product 2-amino-4H-chromenes was obtain-
ed. Reusability is the important property for any catalyst. After
the reaction completion, ethyl acetate was added and the cat-
alyst was removed by the external magnet. Then, the catalyst
Fe3O4-chitosan nanoparticles were washed with ethyl acetate.
It was dried and used for next cycle reaction without further

purification when there was the same substrate. The reusabil-
ity was checked for the catalyst and it could be reused for four
cycles without any loss in its activity [67].

4 Conclusion

In this review, iron oxide nanoparticles have been studied as an
exemplary magnetic material. Among the seven phases of iron
oxide nanoparticles, Fe3O4 exhibited superparamagnetism, and
it has inverse cubic spinel structure. Iron oxide nanoparticle was
synthesized by various cost-effective methods. The advantages
of the synthesis and the properties of iron oxide showed their
sustainable and secured use to address the global environmental
challenges. This paper reviewed the influence of modifiers on
the morphology, structure, size, and optical properties of mod-
ified Fe3O4 nanoparticles. Fe3O4 nanoparticles showed essen-
tial applications in supercapacitor electrode materials, magnetic
carriers for protein separation, and biomedical applications like
targeted drug delivery and catalytic oxidation of alcohols. The
catalytic activity of the material was maintained after reuse in
several successive cycles of treatment.
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